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Introduction
]y-[:\N\' INVESTIGATIONS have been made of

the protective oxides formed on heat resistant
alloys at high tempeiatures. The problem is so com-
plex, however, that even for the simplest of these
alloys no complete picture of the oxide scale struc-
ture can be d.awn for a wide variety of alloy com-
positions and exposure conditions. Most of the infor-
mation now available is restricted to conditions
giving rise to relatively high attack rates.

It was the intent of the present research to obtain
a suffidiently Jetailed description of the scale struc-
ture in the case of the simple chromium steels that
the essential correlations between oxide type and
attack rate could be determined, Establishment of
such corielation was the first step toward an under-
standing of the oxidation mechanism. The primary
means of identification of the cxide phases present
and their relative amounts was  use of one or more
of the standard X-ray diffractic techniques. In cer-
tain instances these interpretations were supple-
mented by chemical analysis. Similar investigations
rcqardmg the nickel-chromium steels have been made
and will be presented in the near future,

ecause of the unavailability of pure binary alloys
having a range of composition sufficiently wide for
the purpose, the major part of the work was carried
out with commercial wrought sheet materials of
nominal 3, 13, 17 and 26 percent chromium content.
Their complete analyses are shown in Table 1. In
view of the well established relationships between
attack rate and chromium content of the commercial
alloys? it was believed that the essentiai correlations
with oxide type should be discernible independent of
reasonable variations of the minor constituents. Cer-
tain aspects of the results were checked with a series
of special alloys.

Experimental

Samples cut to approximately l-inch x 34-inch x
340-inch dimensions were polished through 3/0 emery
papers and vapor degreased. For convenience in han-
dling in the oxidizing furnace they were suspended
from a Nichrome wire rack by platinum or Nichrome
hooks. All oxide from the edges and the vicinity of
the supports was excluded from the analysis.

Oxidation in air was carried out in a resistance
furnace through which preheated dry air was passed
at the rate of 200 cm® per minute. The temperature
was indicated by a thermocouple alongside the sam-
ples and was held constant to =35° C. Treatments in
oxyvgen were made in 2 quartz {ube, the sealed end of
which was wserted into the top of a furnace which
was regulated to =3° C by a Alicromax controller.

+ Submitted for pubtlication July 18, 1955.
¢ Phy«ics Department. Purdue University, Lafayette, Indiana,

The Structure of Oxide Scales on Chromium Steels*

By H.J. YEARIAN,” E. C. RANDELL* and T. A, LONGO*

Abstract

The structure of the oxide scale formed on commeer-
cial chromium steels containing 5 to 26 percent Cr
when oxidized in air or oxygen at temperatures from
700 C to 1160 C for times up to 100 hours were deter-
mined by X-ray diffraction methods, supplemented in
some instances by chemical analysxs Two distinct
types of scale were observed: A type scale occurs
when the rate of metal loss is less than approxi-
mately 10 mg/cm®/day, and B _type when the attack
rate is in the excessive range. For exposures near the
critical conditions an initial A type scale transforins
to B type during oxidation.

The essential component of A type scale is Cr:0,.
This is usually accompanied by «Fe;O; in an amount
which increases with the iron content of the alloy
(i.e., with rate of attack). At high temperatures or
long oxidatiun times, dilute solid_solutions of cach
of these phases in the other are formed, When the
alloy contains a few tenths percent of Mn, the A type
scale may also include copious amounts of MnCr.O,,
especially for high chrome alloys and for low tem-
perature oxidations in air.

B type scale 1s more complex than A scale and
may be considered as two layers. The outer layer is
duplex and is similar in all respects to the Pc;O. and
Fe:Os layers of the scale on pure iron. The major con-
stituent of the inner layer. correspending to the FeO
laver on pure iron, is a solid solution, FeFeq...Cr:O,,
of the spinel type. Throughout most of the layer x

varies slowly, Dut near the metal it rises rapidly to
x=2 and ncar the Fe&;O. laver it falls rapidly to
x = 0. The mean value of x lics in the range of about
0.3 to L.5. The greater the chromium content of the
alioy, the higher the temperature and the lenger the
time of oxidatien, the larger is the value of x. In
cases of very high attack the series of spinels is ac-
<ompanied by a series of wustites which are modified
by chromium additions ranging downward to zcro at
the FeyO4 layer. For 10 to 20 hour oxidations at 925 C
and at 1000 C the chromium fraction of total metal in
the inner layer is about 1.8 times its value in the
alloy, whereas the excess is anly about one percent
in the scale as a whole.

The experimental data are compared and con-
trasted with existing information and are qualitatively
interpreted by use of a tentatively proposed Fe-Cr-O
phasc diagram and a special theory of alloy oxida-
tion. 3.23

The open end of the quartz tube was waxed to a long
water cooled brass tube fitted at its upper end with
a packing gland and a sliding rod by means of which
the samples could be lowered into the hot zone or
withdrawn into the cold zone, The system was
flushed twice by exhausting it to 0.01 mm of mercury
and filling with dry oxygen. During oxidation the
pressure was maintained slightly above one atmos-
phere.

Specimens for Debye-Scherrer X-ray diffraction
analysis were made by powdering samples of the
total scale or of separable layers obtained by flaking,
scraping or controlled abrasion. This method was
supplemented by Philips geiger counter spectrometer
and back reflection investigations of the outer and
inner surfaces of the scales or scale layers. The dif-
fraction patterns were corrected for systematic errors
caused by film shrinkage. specimen eccentricity and

Reprinted from CORROSION, Vol. 12, No. 10, 515¢-525¢ (1956) Oct.
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Figure l1—Lattice parometer of the FeFer.)CriOs solid solution

system measured at room temperature. Full curve, syathetic stoichio-

metric solutions quenched from 1180 C, 1100 C, 950 C; dashed curve,

synthetic oxygen-rich solutions quenched from 950 C, From scale analy-

sis: full circles, coexisting with wustite phoses; open circles, without
wustite.
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Figure 2—Metal loss of chromium steels and chromium content of B
type scales. Full curves, metal loss; dashed curves, percent chromium
metal in inner layer ond in total scale. Small groph, variation with

temperoture of spinel x in innermost layer.

TABLE 1—Compositon of Alloys' (Waight Percent)

1
Sample | Cr Nt l C | Man % st | P s N
AM-5 5761 0095 | 0051 1 048 I 044 | 0008 ) 0006 ] ......
AM.13 13721 026 | 007/| 040| 023} 0018} 00291 ...
AM-17 17451 033 | 0072} 046} 0.59]) 0018} 0017 § .....
AM-26 26311 033 | 0.14 068 I 0.74 | 0.020 | 0.013 § 0.115

1 Balance Fe.

THE STRUCTURE OF OXIDE SCALES ON CHROMIUM STEELS

absorption. From these diffraction patterns the oxide
types present could be established from known inter-
planar spacing and lattice parameter data, and the
mole fraction of the phases determined by compari-
son of the relative line intensities with those ob-
tained from standard mixtures,

In the case of the Fe.0;—Cr.O; solid solution
system the lattice parameters given by Wretblad?
were confirmed by new investigations. It was pos-
sible 1o determine the compositions to =3 mole per-
cent Cr.O,.

Because the spinel type oxides which are prevalent
ir the scales could not be completely identified from
existing X-ray diffraction information, an intensive
study® was made of synthetic Fe-Cr spinel oxide
solutions, FeFew.Cr0,, 0 € x € 2. This study re-
vealed several interesting features regarding the
cation arrangement in these oxides and the probable
effect on their electrical conductivity and diffusion
coefficients, properties which are important to under-
standing the oxidation mechanism, The lattice pa-
rameters found as a function of x are reproduced
schematically as the curves in Figure 1. The points
represent results of the present research as detailed
below.

As is evident from this figure, these studies demon-
strated that the composition (x) of the solid solutions
cannot be determined satisfactorily from lattice pa-
rameter measurements alone, For this reason a com-
bination scheme of quantitative X-ray diftraction
intensity measurements to give the relative amounts
of the phases present and colorimetric chemical anal-
ysis for the metals present was developed and applied
to the air oxidation of the steels.* This was done in
addition to the standard X-ray diffraction analysis.

Results

The essential results of the diffraction analysis and
the combination difiraction-chemical analysis of the
scales formed on the chromium steels listed in Table
1 under a variety of exposures to dry air and one
atmosphere pressure of dry oxygen are shown in
Tables 2 and 3 and Figure 2, Checks were made with
other alloys of the 446, 440 and 430 types without
significant variitions,

The numtirs given in the first row in each entry
of Tables 2 and 3 are the mole fractions of the phases
indicated in the second row by letter symbois. The
rhombohedral structure types are indicated by R
followed by a number giving the mole percent of
Cr,0, dissolved in aFe,O;; RO is aFe.O; and R100 is
Cr,O0,. Spinel type oxides are shown by the symbol S
preceded by LP or HP accordingly as the lattice pa-
rameter has the relatively low valie of the Fe-Cr
spinels or the high value of MnCr;O,. Wiistite type
phases are shown by FeO preceded by L or H corre-
sponding to relatively low or high values of the lattice
parameter respectively. Additional phases which
sometimes occrr and their approximate molc propor-
tions are added in parenthesis.

Data for alternative but less common scale struc-
tures are enclosed in square brackets. The results
for the different layers of a scale are scparated by
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dotted lines: They are listed in order with the outer-
most layer at the top.

The additional data obtained for the chemically
analyzed scales are listed in the order of the lattice
parameters of the spinel and witstite phases, the x
value of Fe-Cr spinel, the Cr fraction of metal, and
the total mg/cm?® of metal in the layer. All lattice
parameters are given in kX units for the reason that
nearly all corresponding values quoted in the litera-
ture are actually in these units even when indicated
in Angstrom units (1 kX unit = 1.00202 A unit).

1t is evident from these data that the scale formed
on chromium steels oxidized in air or oxygen is of
two distinct types, A and B,

Type oA Scale

Type A scale is associated with low ratzs of attack
(low temperatures and high chrome alloys) and con-
sists primarily of Cr.O,; together with an amount of
aFe.O; which is somewhat erratic but which in
general decreases with an increase in the chromium
content of the alloy and with a decrease in the oxygen
partial pressure. This scale also may contain copious
amounts of MnCr:O, (HPS in Tables 2 and 3) when
the steel contains sufficient manganese. Many auxil-
iary experiments involving both diffraction and
chemical analyses have demonstrated that this phase
has the composition MnCr,O. very closely and that
the amount of this phase, when it occurs, is roughly
proportional to the Mn content of the alloy. It is
not detectible at Mn levels below abou: 0.3 percent
in a 26 percent Cr alloy: its occurrence is favored
by low oxygen pressure. low temperatures, high

chromium content of the alloy, and long oxidation
times.

Because of the thinness of A scales, no positive
determination of how the components are distributed
in the scale has been possible. There are some indica-
tions, however, that both the Fe.O; and the MnCr,O,
phases are external to the Cr;O; phase. At sufficiently
high temperatures and long times of oxidation there
is a tendency for the ferric and chromic oxides to
form dilute solid solutions, cach in the other. In the
two cases skown for AN-26 wherein the data are
ceparated by dotted lines rather than dashed lines
the upper data represent the scale as a whole and
those below the line, the residue clinging to the
metal. These data indicate that when both Cr.O;
and a ferric-chromic oxide solution are present, the
former is in contact with the metal.

Some indication of the effect of minor constituents
on the formation of A type scale was obtained from
studies of the scale on a series of special Cr steels,
in which the content of C, Mn, Si and N decreased
in the order of samples S-2, S-3, S-4, S-5 (S-2 is
AM-26). These samples were oxidized in air for 20
hours at 980 C with the rcsults indicated in Table 4.
using the same notation as in Tables 2 and 3.

It is evident not only that the MnCr.O, phasc
disappears as the Mn content of the alloy decreases,
as noted above, but also that a decrease in the minor
constituents decreases the Fe.O; relative to the Cr.O,
phase. Which minor component or combination of
components is responsible is not known. This ba-
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havior is to be contrasted with the observation that
repeated oxidations of a sample which is given a
minimum of polishing between cycles results not
only in a decrease in MnCr;O; due to manganese
depletion but also in an increase in Fe.O; associated
with the depletion of chromium.

fype B Scule

Type B scale, which occurs under high rate of
attack conditions, consists of an oriented layer of
aFe,0; on the outer surface of one or more layers
of the spinel type solid solutions, FeFe(-,CrO,,
(LPS in Tables 2 and 3). In the case of severe attack
the spinel is accompanied by oxides of the FeO
(wiistite) type in the inner layers. Exposure to air
gives relatively more of the lower oxides than does
oxygen exposure.

The particular orientation assumed by the Fe.Os
phase is understandable as a growth phenomenon. In
the Fe.O; structure the oxygen ions lie close packed
in layers parallel to the (111) plane and these oxygen
layers are interleaved with layers of the metal ions.
Thus it is not surprising that the crystals should
prefer to grow with the (111) plane parallel to the
surface, for a whole layer of oxygen ions can be laid
down, then a layer of metal ions, etc.

As the temperature of oxidation of a given alloy
is increased, or as the chromium content of the alloy
is decreased at a fixed temperature of oxidation, the
data show that the scale type changes from A to B
in accordance with the associated increase in attack.
Over a narrow range of conditions the scale may
contain elements of both types of scale. Within this
range it is apparent that an initial scale of essentially
the A type gradually changes to the B type as oxida-
tion proceeds, The B type scale is itself very complex
and requires more detailed consideration.

The Cr content of the spinel solution (x) in the
innermost layer of the type B scale increases regu-
larly with chromium content of the alloy and with
temperature of oxidation (see Figure 2); the spinel
existing in layers other than the innermost is essen-
tially Fe;O4(x = 0). The FeO type phases, if any,
accompanying the spinels are of two kinds. That
which occurs with Fe;O, (LFeO in Tables 2 and 3)
is the usual wiistite as found on pure iron, whereas
that which coexists with the chromium bearing spinels
(HFeO) has a higher lattice parameter and may be
assumed to be a modified wiistite containing some
cliromium in solution. The higher parameter must be
ascribed to a lower concentration of cation vacancies.
This is rcasonable in view of the observation made
while working with the synthetic spinels that the
cquilibrium oxygen pressure of the modified wiistite
is lower than that of ordinary wiistite. In these
studies a good corrclation was observed between
high x values of the spinels, high lattice parameters
of the wiistites and low oxygen pressures,

The spinel lattice parameters found in the analyzed
layers are plotted in Figure 1. It is evident that these
points confirm the general form of the curves ob-
tained for the synthetic materials. Those spinels
which occur without wiistite conform to the oxygen-
rich curve or lie between it and the stoichiometric
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curve; those which coexist with wiistite type phases
tend to lie from 0.003 to 0.005 kX units above the
stoichiometric (“metal rich”) curve. This latter devia-
tion is believed to be due to the presence of man-
ganese in solution. It is estimated that less than 3
percent manganese (as netal) would be required and
this is just below the limit of detectibility with the
manganese analysis schems used.

The composition and lattice parameter obtained
for the spinel phase are mean values for the layer
analyzed. However, a comparison with the synthetic
spinels, Figure 1, and consideration of the range of
uncertainty in the lattice parameter determinations
(%0.003 kX) shows that in no case can an appre-
ciable fraction of the layer be ferrous chromite
(x = 2). Moreover, in the scale layers for which an
x between about 1 and 1.5 is found by analysis, the
range in x for the major portion of the layer cannot
exceed about =0.2, \When a value of x well below 1
is observed the layer could contain two major frac-
tions having x values near 0 and 1 respectively, In
several instances of thick scales it was possible to
obtain a scraping from the inside of the innermost
layer (less than 10 percent of the layer); in these
cases the spinel lines of the diffraction pattern were
broader than normal and could include a range of x
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up to x = 2, Thus it is probable that ferrous chromite
is in contact with the metal, but that with increasing
distance into the scale x decreases rapidly to a value
near that observed by analysis and thereafter has
only a small gradient until the Fe;O, layer is ap-
proached, whereupon it falls rapidly to zero. In a
very thick scale this latter transition region may
form a well defined (“middle”) layer.

Figure 2 shows that in B type scale the chromium
fraction of total metal in the inner layer or layers
(corresponding to the FeO layer in the scale on pure
iron) is about 1.8 times its value in the alloy, whereas
the chromium fraction is essentially zero in the outer
layer (corresponding to the Fe;O, + Fe.O; laver on
iron) and exceeds that of the alloy by about 1 per-
cent in the scale as a whole.

The overall picture of a fully developed B type
scale is indicated schematically in Figure 3; the
obvious effects which appear in Tables 2 and 3
resulting from the inability to cleanly separate layers
have been omitted. In the case of less drastic attack
or of higher oxygen pressures than are here visual-
ized, the wiistite phases would be less prominent or
missing.

A comparison of Tables 2 and 3 with attack rate
data given in the literature as a function of alloy

TABLE 2—Structure of the Oxide Scales on Chromium Steels Oxidized in Dry Air

OXIDATION SAMPLE
Temp Time
(Degrees C) | (Hours) AM-5 AM-13 AM-17 AM-2¢

TS 20 40 .60 . .05 50 45 .10 45 A5 30 tesa ool
LPS RO . HPS RO R100 HPS RO R100 HPS . R100

825 20 30 iy P .15 45 40 .30 ceen 70 .25 .10 65
LPS RO HPS RO R100 HPS . R100 HPS RO R100
.36 18 31

RO

. .60
900 LPS RO*
50 50

20 Lps RO

{.10 ROy

conn sana
oo .ven

40 .60 1.0 40 . 60
LpPs RO° . RO HPS e R100
__________________________ (.10 RO)
30 60 .10 . 1.0 .. aaun e
100 LPS LFeO HFeO . R25 . aene cean
10

K 20 kY 40 .60 34 g .es .60
LPS RO* LFeO LPS RO* ceee LPS RO caee HPS ..., R100

a=8381 awnd 282 a=8.376 a=»8.380 {.10 RO)
x =0.0 0% Cr x=0.0 03% Cr x =134 18.6% Cr ceee I
23 mg/cm? 11 mg/em? 3.4 mg/cm? . cene PP

925 20 |m—m e —— ——— i — ———
05 69 .
PS cena aese e wane
a=8373 =429 a=8375 P coen ceee P
x =0.59 2% Cr | x=1.1 24.5% Cr caee
43 mg/cm? ... 16 mg/em? cees . caen cenn
Total: 66 mg/cm? Total: 27 mg/cm? . . . .

6.1% Cr 147% Cr - . = . -

(Note: Table 2 Continued on Following Page.)
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Figure 3—Schematic of fully developed B type scale. Figure 4—Oxides present and scale type on chromium steels ofter

10-20 hours of oxidation in air.
TABLE 2 (Continued)—Structure of the Oxide Scales on Chromivm Steels Oxidized in Dry Air

OXIDATION SAMPLE
Temp Time
(Degrees C) | (Hours) AM-S AM-13 AM-17 H
40 60
LPS RO* cas cens H
a=§83s .- ..
x=0.0 .. . .. . . .. - .
47 mg/fem? “en . .- .
250 20 [omm e ——— -~ —
L HFeO o P : - - - X
a=8375 a=430 . . ver .
x=0.85 145% Cr . eee Lee
36 mg/cm e B - .
Total: 83 mg/cm? P . cann PR P ceun
63% Cr R - . cane heae .. . srea ceee
. . 1.0 . 50
s . . RO ees HPS R100
X e . -~ 63 35 . e
.. . K25 R75 ve P
.15 0 27 .73
{ LPS RO® LFeQ LPS RO® LPS RO® Hes R100
{ a=8380 a=4.283 a=8378 28376
x=0.0 0.8% Ct x=00 0% Cr x =152 18.2% Cr .
38 mg/em? 45 mg/em? 22 mgfem? 3.4 mgiem?

1000 33 67 E G0 . .
LpeS L¥eO LPS - HFeO . . - .e
a=8350 a=4.257 am§IS2 2 = 4.206 . cves

10 x=0.05 1.0% Cr x=]1.16 2i6% Cr vaee
84 me/em® 66 mg/cm?® . . - P
—————————— Tetal: 111 mg/cm? aaae cees veen
- 1479 Cz - PN PRI P .
34 .66 ‘e vaen - - P
a=8385 a=4.293 P . T . cene . P .
x=].08 20.0% Cr
60 mg/em? caen . cene cene aaes aee wenn
Total: 202 mg/cm? - . . cers . . cans .
6.7% Cr . .. . . . - .
30 43 25 .- . . . . . - 70
LPS RO* LFeO . . aee . b1 R100

1050 20 40 60 . . vees . oo

LPS LFcO . . . .
Note: Bumbets in the first maxelhemolefnctmnsofthcpbammdmtcd in the second row. as fol

1 R!t(xl—-llbombohcdnl phase; n mole percent of CrxOs in « FexOs solid solution. RO—Fe20s; RO '~z FexOs oriented with (111) plane paralle] to surface
00—Cr20s.
2, HPS—SL' 1 phase. MnCraO4; lattice paramster between 8.435 and §.420 kX. LPS—Spioel phase. FeFe(3.1)CraOs; lattice parameter between 8357 and

lfio—(fubxc s'ructulre of FeO (wustite) with lattice parameter between 4.257 and 4252 kX. HFeO—Ditto with parameter between 4.310 and 4.290
. X unit = 1,00202A unit

Additional dzhm sometimes present and their approximate mole proportions arc given in parenthesis, Alternative scale structures are enclosed in squate
Data for, different layers are listed in order with the outermost layer at the top.

For certain scales which were analyzed chemically, additional information is listed in the following order: Lattice parameters in kX of spinel and FeO phases;
x value of FeFe(2.4)CraO4 spinel; Cr fraction of metal in the layer in weight percent; mg/em? of metal in the layer.

B e ———p




S R R e e N T ey .
"THE-STRUCTURE "OF. OXTDE SCALES ON"CHROMTOM-STEELS™

composition and time and temperature of oxida- Rickett and \Vood* found the scale on chromium
tion!%6%3 indicates that there is a very pronounced  steels occurs in layers which decreased in number
correlation between the transition frum A to B scales  as the Cr content of the alloy increased. The outer
and an attack rate of approximately 10 mg/cm® of layers were made up of (Fe,Cr).O, and the inner of
metal loss per day. This relationship is illustrated in (Fe,Cr);0,. But without further specification of the
Figure 4 for the 10 to 20 hour oxidations in air. The  composition of these j-hases and how they depend
data for one atmosphere pressure

of oxygen are similar with more TAME 3

aFe.O; and less wiistite present. Structore of Oxide Sceles en Chicamium Steols Oxidized in One Atmesphere of Dry Oxygen

Suc risons clearly show
h compa sons clearly sho don SAMPLE
that presence of Cr.O; is the essen- y y
P Temp. Time i H
tial element of a satisfactory scale. negrecac)| (Hours) AM-5 i AM-13 i AM-17 | AM-26
When a B type scale is formed the 300 20 1.0 80 ... ... A5 35 |... 50 50 l vee. 35 65
attack is much heavier: it is, in ; ___f LPS RO ....- ... KO Riw ' RO RI0 | .... RO Ri0O
f: < ive st i 75 4 20 P20 s0 i, 6 35 1... 45 55 |20 2 60
fact, e.\lc)lcsst\e snee ﬂ(‘; maximum o (ips ko* 11111 RO Rioo | KO Kioo| fiPS RO K100
acceptable rate in ordinary prac- ™ o e g0 50 - ® B
lice is essentially the same as the . | ~.. RO RI00§ ...0 RO Kiool (11 ko RKiool Il RO K100
critical value observed for the A 825 20 e J0 0 bl 00 a0 |20 20 60
to B transition. s LS KO ol foeee RO : 0 RI00
! 50 a5 05 . i
LPS RO L[FeO \ i
Discussion 15 40 35 .05 | 0 w0 |2 50 30 i 35 65
< i RO Ri0: LPS RO Kioo| LPS RO K100' ...l RO K10
_ Several of the results summar- ! 0 4 2 w0 20 5 o0 B i 30 3
1zed in Tables 2 and 3 and Figurc : . LPS RO* LPS RO RI00! LPS RO RI00} HPS RO KRI100
N N . 9 e
2 already are contained in the lit- ] 25 .15 60
- . ' LPS RO 1FeO
erature. The general correlation of TR T T
a decreasing attack rate with an ’ ibs i iPs Ko* Kioo| iPs kO kKivo| iibs i“z’i’) .g??,o
increase in the chromium content %00 20 130-125)
of the alloy is well known.-3.6.%3
Much of the additional information '
which is available is in the form of ‘ -
. : . - i 20 50 30
isolated facts which. without the | iIPS RO R75
interpretation now possible from i ,fs T4 TaE
the more systematic investigations, ' oo PS RO a5
often appear to be inconsistent or e e
even contradictory. : o
The confusion arises primarily i ! - e
; . : of sati 30 70 ....130 30 ...{30 g0 ..|40 ... 60
from a lack of appreciation of th‘; w | S Ro» [l ’ ies koo IIllips ko 111 litPs 1111 Rioo
fact that two _dts_tmct types o 2 2 35 3o r 0 30_1[ 10 e
scales occur, This fact was clearly a0 LPS 25 HFcO RO RI00J K-25.50
noted by Scheil and Kiwit® in the ) R B R - = TN
case of Al-Cr-Fe alloys and it was 10 N A T b St A
implicit in their results for the E TN o onmnn il i
Cr-Fe alloys but was perhaps too |40 e ...|25 55 020 50 30 .. ... 10
htt]e emphas,zed_ A]tho]:gh Schexl po4 LIPS RO ....]LPS RO RI100]LPS RO KI100O{ .... .... RI100
and Schulz® correctly described
the principal components of A type 1000
Sca]e as Cr:o; or CT:O; + Fe:O;. ! 10
they incompletely represented B
scale as Fe.Oj; on their charts. This
interpretation was not explicitly
corrected by Scheil and Kiwit who 1100 10
gave chemical analyses of inner
and outer layers of B scale similar
to those shown in Figure 2. With AL
the more nearly complete separa- ORI ISR I
tion of inner and outer layers vb- M0 {3 T T LT T T e S S S S
talncd’ a more regu]ar vanatlon ot aass  emms seen sris ssse avae aean RO R13 HPS R20 RSS

?hromu_lm in the inner laycr was Note: Numbers in the first row are the mole {ractions of the phases indicated in the sccond row, as follows:

found in the present work than 1. Rn—Rhombohedral shase: percent of CrOs in aFe:Qs solid solution.  RO—Fe:Os:
o - - RO*— oriented wit (nl)p par: to surface.

was found by the above authors. 2. HPS—Spinel phiase. MnCriOs; lattice parameter between 8435 and 8420 KX. LIS—Spinel phase.

Practically no chromium was T FeFefaa]CriOn; lattice parameter between s.l::S' and 8373 k 257 and 4252 KX,
3 H LFeO—Cubic structure of FeO (wustite) with lattice parameter between 4.257 an
found in the outer layer (i.e., the 3 R0 Do wiih parmeict permeen 4310 and 3250 Fae (1 kX unit = 1.00202A urit).
; i A Additional phases sometimes present and their approsimate mole proportions are given in parenthesis.
]a“ er Corrcspondmg t? Fe’OJ and ‘ :\l:emam*c scale structures are enclosed in square brackets.
FC;O; Iay Crs on pure "on)- Data for different layers are listed in order with the outermost layer at the top.
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upon oxidation conditions these results do not give a
description which is amenable to further comparison,

McCullough, Fontana and Beck® have observed
the onset of a rapid increase in the oxidation rate of
chromium (and nickel-chromium) steels after an
initial low rate and have ascribed this change to a
transition from a protective ferrous chromite scale
to a less protective hematite scale. This interpreta-
tion is not supported by their chemical analyses
which give a Cr to Fe rativ varving between four
and nine in the initial scale, ther decreasing to less
than unity. Thus the initial scale must have con-
tained a large fraction of Cr.O;. The analyses are
consistent with a change from an initial A type to a
B type scale in accordance with similar transitions
shown in Tables 2 and 3 (e.g.. for AM-17 at 900 C).

Moreau? gives a brief description of a B type scale
which, although similar from an overall point of
view, differs from the authors™ findings in scveral
important respects. A significant thickness of an
FeCr:0, 3 FeO inner layver rather than a thin transi-
tion layer is postulated. The spinel x value is treated
as remaining at 2 over this innermost layer, then
falling rapidly to zero. Thus no dependence of x on
the composition of the alloy is admitted. No possibility
s provided for the cexistence of FeO in cither the
inmermost layer or in the middle layer. Since no specific
indication is given of the exposure conditions for
each alloy it is not made obvious that this description
could apply only to the most extreme attack; no
mention i5 made of the profound changes which occur
under less scevere conditions.

The latter limitation applies to a lesser degree to
the very complete micrographic examination of B
type scales given by Fortevin, Prétet and Jolivet®®
since they imply in their conclusions that for higher
chrome alloys the scale character changes. It is clear
that the separation of “A” and “B” lavers observed
by them corresponds to the authors’ division into
inner and outer layers. Their A, component next to
the metal is interpreted as the thin transition layer
from x = 2 to the analyzed value, A; as the region of
nearly constant x and A; as the transition region to
x=0

Cohen and Caplan®* give a complete description
of an A type scale formed in several hundred hours
on an alloy similar to AM-26. The interpretation 1s
complicated by the occurrence of a duplex structure,
presumably caused by blistering. Although it is not
completely evident from the publication, private com-
munication has established that the phases present
were the same as those obtained by the authors, in-
cluding MaCr.O,. with the addition of a crystobalite.
The crystalline silica probably is related to an amor-
phous film which was observed beneath the scale in
the authors” much shorter oxidations.

TABLE 4—Effect of Minor Constitwents of the Alloy on the Structure of A Type Scale
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In nearly all cases of true A scale formation the
scale was easily removed after cooling. In this event
a temper color film was observed on the metal, and
for the longer oxidations this was accompanied by a
layer having a white or frosty appearance. Electron
micrographs of the exposed surface by replica and
by transmission through stripped films showed that
the latter material had a rough surface and was
nearly opaque to 50 kv electrons {(=10-* cm thick).
It was located external to a thin film which was
shown by electron diffraction to consist of oxides of
iron and chromium.

X-ray diffraction revealed no diffraction except for
two diffuse halos and those very weak patterns which
could be ascribed to the thin film. Thus the massive
material was amorphous. No successful chemical
analysis of this material has been possible but micro-
analyses'® of the removed scale have shown several
percent of silicon. It is tentatively assumed therefore
that the material is an amorphous silica or a silicate.
A more detailed description of these layers occurring
under A tvpe scales and of the evidence which
strongly suggests that they exist ai temperature,
rather than that they form during cooling, will be
published elsewhere,

Oxidation Mechanisms
Equilibrium Diagrams

From these experiments it is now possible to give
a rather detailed description of the composition and
disposition of the various oxide phases occurring in
the scale as a function of alloy composition, of time
and temperature of oxidation, and of oxygen pres-
sure. One is in position, therefore, to propose tenta-
tive uxidation mechanisms for test by further experi-
ments. Essential for this purpose is a knowledge of
the basic properties of the oxide phases. Since some
information is available concerning the other per-
tinent oxides, investigations are being made of the
structure and clectrical conductivity of the Fe-Cr
spinels.

One of the most useful pieces of information would
be a complete knowledge of the Fe-Cr-O phase dia-
gram: some facts concerning these cquilibria have
been wccunulated in studies of the formation and of
the oxidatin and reduction of the Fe-Cr spinels?
The simplest form of phase diagram which is in
agreement with the observations is represented
schematical’y by the full lines in Figure 5 for low
temperatures where the metals are completely mis-
cible. The single phase homogeneity rangss have been
exaggerated for clarity. “Phases” will sier here to
solid phases. The single phase solutions of the spinels
and of the ferric-chromic oxides are well estublished.
The two phase regions connecting the spinels to the

s3 I ) &3
NS Cr 26.01 Cr 2547 Cr__
Mn &§ N C Mn h3] N C Mn Si N
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ferric-chromic solutions and to the modified wiistites
were observed in working with the synthetic spinels.
It was observed qualitatively that the corresponding
equilibrium oxygen pressures decrease rapidly as the
chromium content of the phases increases. It is as-
sumed that this trend continues from composition d
to pure Cr.0O,.

It is to be emphasized that the arrangement shown,
particularly with regard to the region a, b, ¢, d, e, is
tentative. No necessity for the assumption of a
pseudo-binary between oxygen-rich Cr and Fe has
been visualized.5-1> Even so, other arrangements
are possible. At an alloy composition such as e, a
three phase region c, d, e, might be interposed be-
tween a pscudo-binary, Cr-Cr-O,, and a two phase
region extending from allovs a-e to a small range
near FeCr.O, (Case 2).

In view of the discussion below, a more attractive
variation of this last arrangement would be obtained
if point e were near point a, leaving the diagram as
drawn except for a narrow pseudo-binary between
a and ¢, as indicated by the pair of dashed lines
(Case 3). At higher temperatures the miscibility gap
of the alloys can be taken into account in Case 1 and
Case 3 by dividing the upper two phase region into
two by a three phasc region based on the a4 §
alloy range f-g and terminating near d, as indicated
by the dotted lines. The two other possibilities for
which this region would terminate at b or ¢ would
predict the wrong type of scale on alloys near f,
according to the considerations to follow.

Case 1 requires a fixed composition for FeCr;O,
whereas 2 and 3 require a range of homogeneity. The
spinel lattice paramcter mcasurements® indicate a
very small range but cannot eliminate the possi-
bility of a fixed composition (not necessarily the
stoichiometric one).

Equilibrium diagrams have been used to interpret
the oxides formed on binary alloys. Scheil and Kiwit®
and Scheil*® have considered that the oxide which
will be formed at the metal is the one having the
largest heat of formation. They treated the single
phase regions as having fixed compositions, thus the
ranges of composition necessary for the formation of
scale layers in which diffusion can occur were not
included. Rhines** has taken this into account and
has applied these ideas with (unsiderable success to
the external and internal oxidation (subscale) of
copper allovs. In particular he shows that it is not
necessarily the most stable oxide which forms on the
metal (e.g., according to Figure 5, modified wiistite
would form on an alloy of Cr content less than com-
position a, although Cr:O: is more stable in the usual
sense).

Wagner Theory

Considerations based on equilibrium diagrams can
form only a starting point for interpretation since
they tell only what phases should be present at equi-
librium and for known compositions. The actual
situation is a dynamic one and the amount of the
components present in a layer depends in a very com-
plex way on reaction rates at interfaces and on dif-
fusion rates within the various layers and within the

—
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Figure 5—Schematic Fe-Cr-O coastitution diegrom.

alloy. Dunn'* has treated the problem taking into
account some of the effects of differential diffusion
within a binary alloy and the oxides formed on it.
The more quantitative treatment of Wagner®® is more
fruitful, however, for the present considerations.

Under the simplifving assumptions of ideal solu-
tion bebhavior of the binary alloy, no mutual solubility
of the oxides and approximate equilibrium at the
metal-oxide interface, Wagner has investigated the
conditions under which a single oxide of one metal
or the other, or mixtures of the two oxides, will be
formed. The assumptions made are not completely
fulfilled in the present instance, but the qualitative
features of the theory are informative.

Equilibrium of either component of the alloy with
its corresponding oxide of dissociation pressure =,
relative to the pure metal, requires that N®p ==z,
where N is the mole fraction at the interface of that
component, p is the equilibrium oxygen pressure at
the interface and m is a positive number (4/3 for
Cr-Cr.O; and 2 for Fe-FeO). Since Nr. = 1—Ng,
for a large N, the equilibrium pressure for Cr would
be less than that for Fe and only Cr:O; would be
formed; for a large Ny, the reverse is true and only
wiistite would be stable.

At some critical N¢. the equilibrium pressures
would become equal and both oxides could exist (in
the absence of oxide solubilities and compound for-
mation). Because =(Cr:0,) is several orders of mag-
nitude lower than =(FeO)" the critical composition
would be at a very low mole fraction of Cr. The
existence of ranges of composition of the oxides as
envisaged in Figure 5 modifics this picture somewhat.
If the dissociation pressure of the chromic oxides
increases on going toward d and that of the modified
wiistites decreases toward b, as assumed, the critical
mole fraction of Cr would be increased to some value
represented by a.

This mechanism then provides for type A and B
scales. If the concentration of chromium is above
point a, essentially pure Cr;O; or A type scale would




be formed, whereas if it is below only modified
wiistite should be present, In either of these situa-
tions, however, it is clear that surface depletion of
the oxidizing component would occur, tending to
bring the surface concentration to a. At this con-
centration either modified wiistite and approximate
Cr.0; of composition d would form (Case 1), giving
the essentials of a B type scale when they react to
the spinel and excess wiistite, or FeCr.O, would
form directly (Case 3). It follows from the limited
rate of diffusion of chromium in the alloy that if an
A type scale is to be formed the bulk concentration
must be considerably larger than a. Similarly, if only
wiistite is to be formed, the bulk concentration must
be considerably smaller than a (actually very near
pure Fe). For alloys between these compositions a B
type scale will be produced.

Application of the Wagner concepts and use of
the phase diagram leads to the conclusion that under
conditions appropriate to B scale formation cither
wiistite and Cr.O;, or FeCr.O, should form at the
interface. But such considerations alone cannot tell
how much of the metal components will be oxidized
nor how they will be distributed through the scale.

In Figure 2 it is shown that for B scale the overall
composition is the same as that of the alloy except
for about 1 percent excess of chromium. This is
understandable when it is realized that the total
thickness of metal which is oxidized in an ordinary
observational period is large compared with the depth
from which an appreciable amount of Cr can diffuse.
Thus in B scale formation the metal components
must enter the scale in nearly the alloy proportion,
with a slight excess of chromium which cones from
setting up the chromium gradient. Since with any
practical alloy there will always be more than enough
iron present, all Cr.0, (Case 1) should be reacted
to spinel at the interface or immediately adjacent to
it. Cr.O, should not be found in B scale except
possibly as a subscale layer on and within the metal.

The proportions of the metals in the scale at any
point will not in general be the same as in the alloy
since their rate of transport through the oxide is not
the same. Not ¢nly do possible differences of diffusion
coefficient come into play but a whole series of dis-
placement reactions is active within the spinel layer
as well as interface reactions at the boundaries of the
layers. Chromium can displace iron from any of the
spinels. Since the equilibrium pressure for high
chrome spinels is lower than for low chrome spinels,
under the conditions of an oxygen pressure gradient
a tendency always will exist for the high chrome
sp.nels to segregate at the inside of the inner scale
and a gradient of spinel composition (x) will be
obtained (Figure 3).

If the rate of decrcase of x is sufficiently large
compared with the rise in oxygen pressurc corre-
sponding to incrcasing distances from the metal-
oxide interface, the spinels will come to their metal-
rich state and be accompanied by the corresponding
modified wiistite. It might be thought that this condi-
tion would lead to a reduction in attack rate since the
gradient of cation vacancics in the spinels would then
be small or essentially zero if the metal rich state

SCALES ON CHROMIUM STEELS

corresponds to the stoichiometric composition. The
high diffusion through the wiistite would compensate,
however, for this decrease. Even in this case there
might be some transport of chromium through the
spinel phase by displacement reactions since local
equilibrium with the wiistite might not exist, in view
of the fact that as the scale thickeas the effective
oxygen pressure at any point decreases and spinels
of higher x become stable.

Outward from the point at which x becomes zero
the processes of s~ale formation are similar to those
which occur in the scaling of pure iron, resulting in
the formation of Fe,Q, and Fe.O: outer layers.

Morcaw’s Mechanism

This mechanism is in strong contrast with that
proposed by Morcau® Since he postulates an ap-
preciably thick layer of stoichiometric FeCr.O, ia
which diffusion cannot occur and further assumes
that the accompanying FeO cannot diffuse trivalent
ions, he is brought to the conclusion that all chro-
mium is reacted at the interface with oxygen which
diffuses inward through the layer. Thus the FeCr.O;
components grow at the inside boundary of the laver
and dissolve in the Fe,O, laver at the outside bound-
ary to form spinels with x less than 2. Extension of the
Iatter reasoning leads the authors to believe that an ap-
preciable thickness of FeCr:O, would not form initially
and that the gradient in x would begin at the metal-
oxide interface as observations indicate.

It is well known that wiistite contains Fe** ions
associated with the large metal deficiency which al-
ways exists. The vacancy concentration may be as
high as 10 percent of the cation sites!'™!* and more
than 20 percent of the cations may be trivalent. There
is no objection, therefore, to the assumption that Cr>*
can disolve in and diffuse through the “modified”
wiistite phase when it is present. As already has been
pointed out, there is good evidence that the modified
wiistites have lower concentrations of cation va-
cancies than does ordinary wiistite and would, there-
fore, be expected to have smaller diffusion coeffi-
cients. This may be the primary recason that the B
tvpe scale. although less protective than A scale, is
more protective than the scale on pure iron.

In the alternate case that no wiistite phase is ob-
served, which situation is not compatible with the
hypothesis of Moreau, the spinels are cation deficient
and can certainly diffuse both iron and chromium
ions. Furthermore, if the rate of loss of chromium
were determined by the rate of inward diffusion of
oxygen, it would scem difficult to account for the
near identity of the chromium to iron proportions in
scale and alloy for a wide range of conditions as
shown in Tables 2 and 3 and Figure 2. This difficulty
is particularly great if consideration is given to the
great disparity in the diffusion rates of oxygen and
metal in Fe,O; and in FeO observed by Himmel,
Mch! and Birchenall*®

Graowth Law

Under the assumption that the scale follows the
parabolic growth law and that the interdiffusion co-
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efficient in the alloy is independent of concentration,
the Wagner theory shows that the critical bulk con-
centration of chromium which would d&fferentiate A
from B scale is an increasing function of the ratio of
the parabolic rate constant, K, to the interdiffusion
coefficient in the alloy, D.

It is known that the scale on chromium sieels does
not grow according to the parabolic law y* =Kt,
but in a manner®® more necarly »* = K’t where n is
less than 2, In terms of the parabolic law, K increases
with time of oxidation, and therciore the critical bulk
concentration increases with time. Conversely then,
the A type scale which mav be formed initially on a
given allov must cventually change to the B type.
Several instances of this change with time are evi-
dent in Tables 2 and 3. Of course. if the chromium
content of the alloy is sufficiently high (e.g.. 26 per-
cent) the change may not be observed within the
usual period of measurement.

Another feature of the theory is that of two alloys
which oxidize 10 give Cr,O.. the one of lower chro-
mium concentration should have a lower rate of
metal loss. A lower N, requires a higher equilibrium
oxygen pressure, p. at the interiace and this in turn
entails a smaller concentration gradient of cation
vacancics in the oxide lattice which results in a lower
transport of chromium. The obvious deviation from
this prediction of the idealized theory is probably
associated with another equally obvious deviation:
namely. the presence of Fe:O: in A type scale. An
analogous situaticn in the oxidation of Ni-Cu alloys
has been considered by Wagner and the explanation
of the present case is probably similar.

It is true that under the conditions assumed for
the production of A type scale no oxide shouid be
formed except pseudo Cr:0: (in the case of a pure
binaryv alloy). but Fe can oxidize in the initial stage
before a protective Iayver is formed and subsequently
at any local failure of the sczle due to cracking or
spalling. Non-equilibrium conditions might also be
expected during «-8 transitions in the alioy. Further-
more, the balanze between A and B scale formation is
rather delicate and any local fluctuation in N, may
permit formation of iron oxides. Fluctuations of this
nature might be present as initial inhomogenetties in
the alioy or they would be praduced during oxidation
by any inclusion such as a carbide which would
locally suppress diffusion of chromium to the alloy
suriace.

Whatever the cause of the formation of Fe.O: in
the scale, 1t is clear that the distribuation of this phase
must be rather heterogencous. Otherwise ferric-
chromic oxide solid solutions would be observed
rather than scparate phases, since intimate mixtures
of these oxides will sinter completely to the solution
in 10 to 20 hours at 930 C. Actually, significant
amounts of solution arc observed only at consider-
ably higher temperatures or longer times.

Formation of iron oxide inclusions with the Cr.O:
will. of coursc, increase the rate of attack since these
oxides arc less protective. Tables 2 and 3 show that
the amount of the Fe.O; phase present in A type
scale decreases as the chromium content of the alloy
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increases. This probably accounts for the correspond-
ing deciease in attack rate, It also is noted that the
amount of Fe.O; for a given alloy and temperature
of oxidation tends to increase with time. On the same
basis as above, the associated decrease in protective
quality may account for the deviation from the
parabolic law and the cventual conversion to a B
tvpe scale, as discussed previously,

Other possible sources of deviation from the
parabolic law may be associated with the presence
of the thin film-like laver at the metal-scale interface
which was described above, or with the presence of
MnCr.O, in the scale. No positive indications of the
beneficial or detrimental effects of this phase have
been obzerved.

Behasior of Manganese

The behavior of Mn in A type scale might be
treated to a rough approximation by considering Fe
to act as an inert solvent for the Mn and Cr. The
mole iraction of cach solute is necarly independent
oi changes in the other and the effective oxygen
pressurc at the metal-oxide interface is determined
essentially by the N¢: corresponding to equilibrium
with the Cr.0;.

For simultancous formation of the oxides at the
same equilibrium pressure a critical chromium
concentration will be required such that N9 =
=(Cr:0:) /=(Mn0)3t (Nx,)*7, neglecting solubilities
of the oxides. Since the ratio of dissociation pressures
is large, the X%, will be much larger than the exist-
ing Ny.. Threc cases are to be distinguished. ¥ Ne.
at the interface is larger than the critical value, the
cquilibrium pressure will be too low for the forma-
tion of MnO and no manganese should occur in the
scale except to the limit of its solubility in Cr:O: (or
possibly in the metastable iron oxides present).
When Ne is equal to N9 both oxides should form.
Tt fact that no MnO but only JnCr-O, is observed
must mean that conditions for reaction to the latter
compound are reached at a position very near the
interface or. in view of the cffect of oxide solubilities
and the unknown Mn-Cr-O phase diagram. direct
formation should perhaps be considercd instead of
MnQO, In cither instance the excess Cr:0: would
cffectively act as a sink for Ma and the amount of
the latter in the scale would be controlled by its rate
of diffusion in the metal,

The third case comes about when Ne becomes
cousiderably less than the critical value. cither due 1o
a low bulk value or to the increased suriace depletion
assaciated with an increased attack rate, The pressure
at the interface is then above that required for oxida-
tion and MnO (or MnCr:0,) ¢an be expected ta
occur as a subscale. This is probably the reason for
the disappearance of the MaCr.O, from the A scale
on the lower chrome alloys in oxygen.

Unfortunately, a satisiactory quantitative check of
these speculations cannot he made because of un-
certainty in the value of =(MnO). From the data
available}™2* the ratio of dissociation pressures may
be calculated in the temperature range of 800 10 1000
C as approximately 3 X 10° or 10 These values
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correspond to an N9, for 0.5 percent Ny, of about
2 percent and 35 percent, respectively. Reasonable
estimates of the value required by the experimental
observations lie in this range,

Considerations similar to the above should apply
also to Si, but since the dissociation pressure of SiQ.
is even lower than that of MnO it is expected to
occur only in u sub-scale, If either the Mn or Si were
present in sufficient amount, however, it could be
expected to oxidize exclusively in a way analogous to
that already discussed with respect to Cr and Fe.
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